introduced, but neurosonology is still a simple, widely available, noninvasive, and useful technique. This review will discuss the clinical, neurosonologic, and neuroimaging features of uncommon causes of stroke (cervical artery dissection, Takayasu arteritis, patent foramen ovale-stroke, Moyamoya disease, and sickle cell disease) and review current diagnostic methods. 
INTRODUCTION
Stroke is a heterogeneous disease that may be caused by various mechanisms, and defining the mechanism of stroke is the first step in making treatment decisions. The majority of ischemic strokes are caused by large artery atherosclerosis, small vessel occlusive disease, or cardioembolism. However, one-in-ten ischemic strokes are caused by so-called uncommon causes of stroke.
Uncommon causes of stroke include dissection, vasculitis, Moyamoya disease (MMD), stroke associated with patent foramen ovale (PFO; PFO-stroke), sickle cell disease (SCD), or coagulopathies caused by various conditions such as anti-phospholipid antibody syndrome or thrombotic thrombocytopenic purpura. Most of the causes are classified as "other determined stroke" in the TOAST classification, except PFO-stroke. The treatment and prognosis of these strokes also depend on the etiology. Therefore, diagnosing the exact cause of stroke may be important. In particular, when the direct cause of stroke is uncommon, the patient's history and imaging findings are crucial. Furthermore, neuroimaging, including sonolgy, is important in the diagnosis of uncommon causes of stroke.
Neurosonological evaluation has several advantages in showing the following: real-time hemodynamic status; direct imaging of the vessel wall, where the pathologic processes take place; and special sonologic features that may help identify conditions which can cause stroke. Vasculitis or MMD usually causes stroke by a hemodynamic mechanism after the diffuse narrowing of extracranial or intracranial vessels. Dissection or vasculitis occurring in extracranial arteries can be visualized easily by carotid duplex sonography. Agitated saline testing may help find right-to-left shunting.
Here, we review the imaging and neurosonological findings of uncommon causes of stroke (summarized in Table 1 ) and describe how these studies can be used to Most ischemic strokes are caused by large artery atherosclerosis, small vessel occlusive disease, or cardioembolism. However, there are some uncommon causes of stroke as well, especially in young stroke patients. These uncommon causes of stroke require various and complex diagnostic work-ups. However, some of them have characteristic neuroimaging or neurosonologic findings, making the diagnosis much easier. Since finding the exact cause of stroke is very important in determining the therapeutic strategy and predicting the prognosis, clinicians should become familiar with these imaging and sonologic characteristics of uncommon causes of stroke. Recently, many novel imaging techniques have been
CAD
CAD is caused by laceration of the cervical artery, usually from the inner wall, and is characterized as a hematoma within the arterial wall. 1, 2 Initially, an intimal tear occurs, which allows the blood to enter the media under arterial pressure. Separation of the wall layers causes a false lumen where blood leaks into the vessel wall, forming the hematoma. This results in a stenosis of the lumen, potentially leading to occlusion or an aneurysmal dilatation of the artery. Furthermore, the damage to the endothelium affects exposure of the thrombogenic subendothelium; it may cause platelet aggregation and subsequent ischemic stroke. 3 The most common symptoms of internal carotid artery (ICA) dissection include headache and neck pain, occurring in 80% of patients. 1 Other frequent signs include partial
Horner's syndrome, painful tinnitus, and ipsilateral lower cranial nerve palsies. 4 Because nerve fibers for CAD can be classified on the basis of pathogenesis (traumatic vs. spontaneous) and location (extracranial vs. intracranial). Traumatic dissections are due to direct trauma or rapid head movement. In spontaneous dissections, extracranial segments of ICA and VA are much more likely to undergo dissection than their intracranial segments. Extracranial ICA dissection affects the cervical part of the artery distal to the carotid bulb and tends not to extend beyond its entry into the petrous portion. Because of the abrupt turn of the VA at the first-to-second cervical vertebrae, most VA dissections happen at the level of the first and second vertebrae. Intracranial dissections more commonly affect posterior circulation than anterior circulation. 7 Although dissections are often preceded by direct major trauma to the neck, development of dissection is likely multifactorial, affected by both genetic predisposition and minor trauma. Other risk factors include migraine headaches, pregnancy and postpartum, previous infection, connective tissue disease, and hypertension. 1, 2 Despite the suspected role of minor trauma, it is not typical for minor traumas, such as whiplash or sudden head movements, to cause dissection in most patients. Therefore, it is hypothesized that patients who sustain a dissection with or without minor trauma likely have an underlying arteriopathy, inflammatory process, or structural instability of the arteries that leads to dissection.
Conventional imaging
Conventional computed tomography angiography (CTA), magnetic resonance angiography (MRA), and digital subtraction angiography (DSA) primarily show the lumen of the dissected artery. CTA has shown promising results in visualization of vessel stenosis or occlusion and vessel diameter extension, as well as associated vessel tortuosities. 8, 9 The most common finding in CTA is an irregular and asymmetrical vessel, followed by intramural hematoma, which appears as a crescentic hyperdensity with thickening of the vessel wall. CTA can also detect intimal flaps and dissecting aneurysms (Fig. 1A) . CTA shows better spatial resolution for severely narrowed vessels. Thus, some reports suggest that CTA is superior to MRA for the diagnosis of pseudoaneurysm, intimal flaps, and high-grade stenosis. 10 However, CTA may be less accurate if heavy calcifications are present. Studies comparing imaging modalities for the diagnosis of VA dissections versus ICA dissections reported that CTA may be slightly preferential for VA dissections because of smaller diameters of the VA and their close proximity to the bony structures in the neck. 8 MRA has replaced DSA as the gold standard, at least in the extracranial segments of ICA and VA. Advantages of MRA include better evaluation of intramural hematomas, regardless of the luminal irregularities. Usually, hematoma presents as a hyperintense area beside the vessel lumen. However, because it may be isointense early on, it may be difficult for magnetic resonance imaging (MRI) to detect the hematoma in the early stages of dissection.
Subtle luminal irregularities and small aneurysmal dilatations could be missed with MRA, as compared with DSA ( Fig. 2A) . The characteristic MRA findings in extracranial CAD include a decrease or absence of sig- 
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nal void and a crescent sign resulting from narrowing of the vessel by intramural dissection with a periarterial rim of intramural hematoma in T1-weighted images (Fig. 2B ). 9 These findings are quite specific and can be seen in ICA, VA, and basilar artery dissection. However, for the smaller intracranial vessels, the diagnostic role of MRI remains limited, and the diagnosis of these dissections still remains a challenge. 9 In such cases, high-resolution MRI (HR-MRI) can be useful. (see below).
11
DSA has long been recognized as the standard technique for diagnosing CAD. The most common finding with DSA is string sign, which is a long segment of narrowed lumen. The artery may show sudden tapering with a distal occlusion of the lumen. In some cases, aneurysmal dilatations can be found in the initial or follow-up imaging studies (Fig. 2C ). However, DSA cannot directly visualize vessel wall abnormalities or detect intramural hematomas. Furthermore, pathognomonic features of dissection, such as an intimal flap or a double lumen, are found in less than 10% of cases. 12 Thus, DSA may miss the diagnosis if the lumen is only minimally affected. Therefore, less invasive imaging modalities such as ultrasound, MRI/MRA, and CTA have been alternatively used instead of DSA in the majority of CAD.
Neurosonologic evaluation and vessel wall imaging
Color duplex imaging is a simple, widely available, and noninvasive technique. It can also be used for follow-up monitoring of dissection, as it is less invasive. Signs of dissection on ultrasound include direct visualization of an intimal flap or intramural hematoma as a thickened hypoechoic wall (Fig. 1B) . Arterial stenosis or occlusion without atherosclerotic wall change also can be seen. Thus, Doppler spectra may demonstrate a high-resistance pattern (Fig. 1C) . 13 In addition, the findings that can be observed in transcranial Doppler include reversed ophthalmic artery flow or other intracranial collaterals and microemboli found in the middle cerebral artery (MCA) unilateral to a suspected carotid lesion. The main limitations of ultrasound include inability to visualize dissections above the angle of the mandible and difficulty in identifying the VA dissection. HR-MRI for vessel wall imaging usually can be used to assess various vascular pathologies other than atherosclerosis, even in the intracranial vessels. When assessing intracranial artery disease, HR-MRI is one of the most important imaging techniques for directly evaluating the vascular wall. Intracranial artery atherosclerosis, dissection, MMD, vasculitis, and reversible cerebral vasoconstriction syndrome can be 15 Although vessel wall enhancement is not completely understood, it has been thought to result from inflammation, slow blood flow in the false lumen, or enhancement of the vasa vasorum. 16 The lumen of the vessel and intimal flap are well visualized on T2 and proton density sequences, whereas hyperin tense intramural hematoma in the arterial wall is well visualized on T1 and magnetization-prepared rapid acquisition gradient-echo sequences due to the presence of methemoglobin. 15 Also, HR-MRI could help to clearly differentiate intramural hematoma from intraluminal thrombus. 11 The clinical benefits of HR-MRI include providing detailed information of vascular structures, such as an ostium of a small branching vessel or the presence of an intramural hematoma on the aneurysmal wall. It can help to determine treatment strategies, such as intervention. Because arterial dissection may be a dynamic vascular pathology, HR-MRI findings can change over time, and serial changes may have to be estimated to make a diagnosis and predict the prognosis.
17
TA TA is another rare cause of stroke involving the extracranial arteries. TA is a form of panarteritis of medium and large sized arteries, namely the aorta and its main branches. 18 Pathologically, granulomatous inflammation with massive intimal fibrosis of the aorta and its major branches leads to wall thickening and thrombus formation. 19 TA mostly presents in the 2nd or 3rd decade of life but varies among different populations.
18
There have been many case reports and clinical studies since it was first diagnosed. The left subclavian artery is the most commonly affected site, followed by the descending thoracic aorta, aortic arch, and ascending aorta. 20 Common symptoms are claudication, headaches, dizziness, syncope, visual changes, and carotidynia. TA patients present reno-vascular hypertension, bruits at the carotid area, absent pulses, and asymmetric blood pressure between extremities. 21 Usually TA is incidentally diagnosed, often with a delay in diagnosis from the onset of the first symptoms. Angiography remains the gold standard for diagnosis of TA. To classify the disease on the basis of angiographic findings, a new classification of TA has been proposed. These systems are useful in that they allow a comparison of patient characteristics according to the vessels. 18 TA diagnostic criteria were initially amended by the American College of Rheumatology in 1990 and modified in 1995, resulting in a higher sensitivity for diagnosis. 22 The diagnostic criteria are shown in Table 2 .
Conventional imaging
Angiography has been regarded as necessary for the diagnosis of TA. Three imaging techniques (CTA, MRA, and DSA) are commonly used.
CTA is useful for early diagnosis and can be used to evaluate both the vessel walls and the lumen. However, it has limitations in patients with renal failure and pregnancy, and it cannot detect relatively small vessels. 23 During the acute stage, MRA can show wall thickening and enhancement around an inflamed vessel. During the chronic stage, there is segmental dilatation with stenotic regions of the common carotid and subclavian arteries. In advanced-stage disease, CTA and MRA may reveal complete occlusion of supra-aortic arteries at their origin, with multiple bypass collateral vessels. 23, 24 DSA is the most accurate diagnostic method. Involvement of the aorta or of at least two medium-sized branches is essential for diagnosis. DSA has better resolution than CTA and MRA for the detection of changes in small arteries. However, it is invasive and direct evaluation of the vessel walls is not possible. 23 
Neurosonologic evaluation
Doppler ultrasound is a useful non-invasive procedure for the assessment of wall inflammation. Carotid ultrasonography may reveal the typical features of arterial inflammation, concentric wall thickening and evidence of the homogeneously isoechoic (brighter than 
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that of temporal arteritis) "macaroni sign" (Fig. 3) . The macaroni sign is an early sign of TA, even if arterial stenosis has not yet occurred. The neurosonologic assessment of TA should include examination of the carotid arteries, subclavian arteries, and common femoral arteries. 25 B-mode ultrasound can often help in identifying typical anatomic features of TA. Furthermore, contrast-enhanced ultrasound may allow the identification of inflammation-driven hyperemia and neovascularization, which are potential markers of disease activity. 26 Therefore, although the gold standard for diagnosis is brain MRA or CTA, ultrasound has been also been highly sensitive in diagnosing TA. Transcranial Doppler (TCD) is useful in evaluating blood flow velocity and direction of the large intracranial arteries around the circle of Willis. It allows noninvasive assessment of cerebral hemodynamic alterations that occur as a consequence of extracranial large vessel stenosis in TA. 27 The salient TCD findings in TA include "pulseless" cerebral vascular spectra ipsilateral to the extracranial lesion and reorganization of collateral flow consequent to arterial stenosis and occlusion. 28 Hemodynamic changes include abnormal spectral flow patterns and flow velocities indicative of steno-occlusive disease, changes in pulsatility, microembolic signals (MES), and reorganization of collateral circulation. 28 In these cases, TCD provides a valuable, dynamic, noninvasive, and longitudinal evaluation of cerebral perfusion. TCD can also be used for detection of subclavian 
PFO-STROKE
PFO is one of the most common developmental anomalies of the heart. PFO is found in one-fourth of the general population. However the incidence of PFO is increased to 60% in stroke patients with unknown cause. 30 PFO may cause ischemic stroke by paradoxical embolism. Thrombus formed from the venous system may shunt from the left to the right atrium, resulting systemic embolization. 
Conventional imaging
Thrombi in the right atrium must pass the PFO to be embolized to the brain. Therefore, the thrombi are small in size, and the ischemic lesion caused by paradoxical embolism is usually small. At same time, there are fewer angiographic occlusions observed in cerebral arteries. As PFO-stroke is mainly embolic, the lesions are usually located at the cortex. 31 The Valsalva maneuver increases blood flow to posterior circulation, while simultaneously increasing the amount of right-to-left shunt. Therefore, several studies have reported that posterior circulation infarction is more dominant in PFO-stroke. 31, 32 This is more prominent when the PFO is only opened during the Valsalva maneuver. 33 Not all strokes occurring in those who have PFO, are associated with PFO. Half of the PFO in stroke patients are innocent bystanders. Identifying which PFO is truly associated with stroke is important regarding the treatment strategy. Young patients without other risk factors may have a higher association between PFO and stroke. Risk of paradoxical embolism (RoPE) score is a scoring system widely used to predict the association between PFO and stroke. 34 
Neurosonologic evaluation
Transesophageal echocardiography is the gold standard in identifying the presence of PFO, especially high risk PFO. A size of more than 2 mm and those with atrial septal aneurysm are regarded as high risk PFO. 35 However, it is difficult to perform the Valsalva maneuver effectively due to the transducer placement 
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in the esophagus. Therefore, a TCD-PFO test may have a supplementary role in detecting right-to-left shunt. A mixture of saline with air (9 mL and 1 mL, respectively; agitated saline) is injected to the antecubital vein and the Valsalva maneuver is maintained for approximately 10 seconds. If MES appear in the TCD within 15 seconds after injection, the patient is considered to have an intra-cardiac right-to-left shunt, mostly PFO. On the other hand, if MES are observed 15 seconds after injection and last for a longer time, there is the possibility of extra-cardiac shunt, such as a pulmonary arteriovenous fistula. MES are more readily observed from the right temporal window than the left, and in the case of a poor temporal window, MES can be measured at the posterior circulation.
MMD
MMD is a cerebrovascular disease primarily involving the distal ICA and proximal MCA in a symmetric manner, with progressive stenosis and growth of abnormal small vessels (Moyamoya vessels). 36 The progressive stenosis causes hemodynamic insufficiency, resulting in cerebral ischemia. Furthermore, the abnormally developed Moyamoya vessels are weak and prone to hemorrhage, leading to intracerebral and intraventricular hemorrhage. 36 The prevalence is high in east Asian countries and shows mild predominance in females (male:female, 1:1.8). It also shows an age-related bimodal distribution and is predominant in young adolescents and the middle-aged. The major pathologic findings are smooth muscle cell proliferation, intimal thickening, and angiogenesis. 37 Recent studies with HR-MRI showed that the stenosis progresses with constrictive remodeling. 38, 39 Family histories and several genetic loci were found in 10-15% of MMD patients; one locus is the ring finger 213 (RNF 213) gene, which was shown to be a susceptible gene for MMD in Asians. However, the exact pathophysiologic role of RNF 213 requires further research. Several other studies also focused on inflammation and autoimmune disease in the mechanism of MMD. 40 One-in-five MMD patients show disease progression; the presence of thyroid disease and mutation in RNF 213 gene are known factors with a high probability of progression. The incidence of stroke is 3.2-4.5%, and known risk factors are female gender, smoking, family history of MMD, thyroid disease, and posterior cerebral artery involvement.
41,42
Conventional imaging
The gold standard for diagnosis of MMD is DSA, which is useful not only for diagnosis but for treatment decisions. "Definite MMD" can be diagnosed when the distal ICA, proximal MCA, and ACA are symmetrically involved and hazy basal collateral vessels are confirmed. If only one side is involved, "probable MMD" can be diagnosed. If there are other conditions which can cause stenosis, the term "Moyamoya syndrome" is used. There are 6 stages of disease progression, according to the angiographic findings (Table 3) .
Brain MRI and MRA are also useful in evaluation of MMD. In MRI, signal voids are observed in the basal ganglia. In the enhanced MRI, "rete mirabile", a network of extensive collateral vessels can be shown. Involvement of distal ICA, proximal MCA, and ACA can also be confirmed by MRA. It is especially useful for young patients who need frequent follow-up, as it is noninvasive. However, because of low specificity, it is often difficult to differentiate MMD from other cerebrovascular diseases (Fig. 4) .
Neurosonologic evaluation
TCD is also useful for screening and follow-up studies in MMD patients, as it is non-invasive. Both anatomical information and hemodynamic status can be evaluated; most of the ischemic stroke in MMD is hemodynamic. The TCD findings correlate well with the TCD flow velocity and pulsatility index (PI). In stage Seung Min Kim, et al. Neurosonology in Uncommon Strokes 2 (moderate stenosis), the mean flow velocity (MFV) increases and PI decreases. In stage 3 (severe stenosis), the MFV decreases and PI increases. TCD is also useful in evaluating the collateral status. As a progressive disease, flow though the distal ICA decreases, leptomeningeal collateral increases from the anterior and posterior circulation, and transdural collateral from the external carotid artery increases. According to one study, in the lower Suzuki grades (0-2), the main collateral was from the leptomeningeal collateral, whereas in the advance stage (Suzuki grade >2), transdural collateral developed. 43 The development of transdural collateral was inversely correlated with flow through the distal ICA, as measured by carotid Doppler sonography. Those with transdural collateral had smaller infarctions with less neurological deficit. 43 TCD and duplex sonography are useful evaluating hemodynamics in MMD patients. TCD was also useful predicting stroke or neurological deterioration after bypass surgery. Patients with low MFV (<40 cm/sec) had more stroke or neurological deterioration after direct bypass surgery.
44

SCD
SCD is an inherited autosomal disorder resulting from the formation of abnormal hemoglobin S, which is extremely rare in Korea. Cerebral infarction is a common complication of SCD and may manifest as overt stroke or cognitive impairment associated with "silent" cerebral infarction on MRI. These strokes primarily result from stenosis or occlusion of the distal intracranial ICA and/or proximal MCA. 45 Stenotic lesions have been demonstrated by DSA, MRI, and TCD. However, DSA is invasive and not suitable for screening asymptomatic patients. TCD can detect intracranial arterial stenosis and seems ideally suitable for screening large-vessel disease in patients with SCD because it is safe, noninvasive, relatively low in cost, and well tolerated by children. 45 A comparison of TCD with cerebral angiography in patients with SCD showed a sensitivity of 91% and a specificity of 100% in determining which patients had arterial narrowing that exceeded 50% of the luminal diameter. 45 Specifically, peak systolic velocity, rather than time average maximum mean velocity, could be the measurement of choice for TCD screening with the highest sensitivity. Some previous studies demonstrated that increased velocity of flow, as assessed by TCD, can identify the patients at highest risk of stroke, suggesting that most cerebral infarctions in SCD are associated with large-artery disease. 46 Blood transfusion therapy significantly reduces the risk of recurrent cerebral infarction and prevents the progression of lesions on angiography.
47,48
FUTURE DIRECTIONS
Neuroimaging techniques have been developed to 
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focus on the brain parenchyma. Recently, several efforts have been made to focus on the vessel wall. HR-MRI is now useful in evaluating the etiology and pathophysiology of vessel wall structure. However, conventional imaging techniques have some limitations regarding radiation, motion artifacts due to long scan times, and high price for frequent follow-up. Neurosonology has advantages, as it is safe, uses no radiation, and can evaluate hemodynamics. Therefore, it is suitable for frequent follow-up. Furthermore, in cases of carotid ultrasonography, wall pathology can be easily confirmed. TCD and Doppler mode in carotid duplex sonography has advantages in evaluating and monitoring the hemodynamics of cerebral vessels. These advantages can be complementary to conventional imaging techniques.
CONCLUSION
As treatment strategy and prognosis may differ from that of common stroke etiologies, diagnosis of uncommon causes stroke is important. Neuroimaging and neurosonologic evaluation can be helpful for the diagnosis of uncommon causes stroke. In particular, imaging techniques that directly focus on vessel wall pathology (i.e., HR-MRI) and hemodynamic status (TCD or duplex sonography) can provide information that informs decisions on treatment strategy and prognosis after procedures in patients with uncommon causes of stroke.
